The ability to charge huge biomolecules without breaking them apart has made matrix-assisted laser desorption/ionization (MALDI) mass spectrometry an indispensable tool for biomolecular analysis. Conventional, empirically selected matrices produce abundant matrix ion clusters in the low-mass region (<500 Da), hampering the application of MALDI-MS to metabolomics. An ionization mode of MAILD, a rational protocol for matrix selection based on Brønsted-Lowry acid-base theory and its application to metabolomics, biological screening/profiling/imaging, and clinical diagnostics is illustrated. Numerous metabolites, covering important metabolic pathways (Krebs' cycle, fatty acid and glucosinolate biosynthesis), were detected in extracts, biofluids, and/or in biological tissues (Arabidopsis thaliana, Drosophila melanogaster, Acyrthosiphon pisum, and human blood). This approach moves matrix selection from ''black art'' to rational design and sets a paradigm for small-molecule analysis via MALDI-MS.
O
wing to their ''soft'' nature of ionization, MALDI-MS (1, 2) and electrospray ionization-mass spectrometry (3) (ESI-MS) have been at the forefront of bioanalytical research with farreaching applications in proteomics (4), genomics (5) , biological imaging (6) , and metabolomics (7) . In MALDI-MS, biomolecules mixed with matrices (small, UV-absorbing compounds) and exposed to laser pulses form gas-phase ions that are typically measured in time-of-flight (TOF) mass analyzers. Although the highthroughput nature of MALDI-MS makes it an ideal tool for large-scale metabolomic studies, its application in the field has been rather limited. This is because all conventional matrices (8) (9) (10) produce a forest of interfering low-mass ions (Ͻ500 Da) obscuring the detection of metabolites in the range. Despite several approaches (11) (12) (13) , challenging MALDI-MS-based metabolomic tasks such as direct biofluid analysis, on-tissue metabolite screening, and generation of snapshots of the metabolic machinery of biological systems remains an unmet challenge.
These limitations call for matrices devoid of interfering ions (''ionless matrices''), yet still assisting an efficient ionization/ desorption of the analytes. An ideal solution would be to have a rational selection protocol for such matrices, whereby depending on the properties of the analytes of interest, appropriate matrices could be designed. Such a development would not only cross a long-lasting hurdle of empirical selection of MALDI matrices but would also provide a powerful, fast, and easy-to-use tool to the biological community to selectively probe into the metabolomes of living organisms.
Here, we report on a first-ever rational selection protocol for matrix-assisted mass spectrometry matrices based on the classical Brønsted-Lowry acid-base theory (14) and density functional theory (DFT) quantum chemical calculations. The matrices developed herein are ionless, in other words, the matrices produce no interfering matrix-related ions, thus overcoming the problem of most conventional matrices and allowing the detection of small molecules (0-1,000 Da). Furthermore, the enormous applicability of our matrices in performing targeted metabolomic studies is demonstrated.
Results and Discussion
Brønsted-Lowry Concept Was Successfully Applied for the Selection of Ionless Matrices with the Potential to Study a Wide Variety of Metabolites. Conventional matrices such as 4-hydoxy-␣-cyanocinnamic acid (␣-CHCA) and 2,5-dihydroxybenzoic acid (DHB) produce copious interfering ions in the m/z Ͻ 500 Th range, making detection of metabolites in that range rather difficult, if not impossible ( Fig. 1 A, B, D , and E). We reasoned that mixing an acidic or basic analyte with a strong base or acid, respectively, used as a matrix and crystallization of the salt formed on a target, followed by desorption of the formed salt by a laser pulse having frequency similar to the absorption maximum of base/acid matrix, should produce ions that are oppositely charged to those of the absorbing partner [ Fig. 1 C and F and supporting information (SI) Fig. S1 ]. To explore this concept, we investigated ion pairs of 4 aromatic bases with aliphatic acids monitoring the formation of anions using TOF mass spectrometry. The first experiments were performed with a ''proton sponge'' (15, 16) , which is a strong base [pK a of its conjugate acids 12.5 (15)], 1,8-bis(dimethylamino)naphthalene (DMAN), never previously used as a matrix. Analytes (fatty acids, fatty acid-amino acid conjugates and other anionic species) were mixed in a 1:1 molar ratio with DMAN in ethanol and allowed to dry on a MALDI metallic target. Under both vacuum and atmospheric pressure, gas-phase anions were formed upon UVlaser irradiation (337 or 355 nm) and detected at physiologically relevant concentrations (Fig. S2) . Negligible fragmentation was observed except in polyhydroxylated compounds such as water losses in prostaglandin E1 (Fig. S2G) . In contrast to common MALDI matrices, no matrix ions were detected. The absence of matrix ions in mass spectra affords a crucial advantage over existing matrices. To ensure that we were observing a matrix-assisted process and not laser desorption/ionization (LDI), mixtures of an aliphatic base (triethylamine) and an inorganic base (KOH) with strong aliphatic acids (e.g., trifluoroacetic acid) were made and tested for the presence of anion signals. No analyte signal was observed even at ablative laser fluences, thus confirming the importance of the UV-absorbing partner in the ionization process.
Potential of Ionless Matrices for Targeted Metabolomics Was Demonstrated on Plant, Insect, and Blood Samples. In situ profiling of a damaged Arabidopsis thaliana leaf spotted with DMAN solution provided rich negative ion-mode mass spectra (108 monoisotopic peaks; Fig. 2A ) with the mass accuracy suitable for identifying at least 46 metabolites by using the KNApsAcK database (17) ( Table  1) , which exceeds the number of metabolites identified from a single biological tissue by the existing state-of-the-art LAESI-MS method (18) . Most of the intermediates of important plant metabolic pathways (Krebs' cycle, fatty acid biosynthesis and glucosinolate biosynthesis) were detected ( Fig. 2 A Inset and Table 1 ). In addition to primary metabolites, secondary metabolites such as kaempherol glycosides were identified ( Table 1 ). The analysis of individual or pooled extracts of Drosophila melanogaster males and virgin females showed distinct sex-related profiles (Fig. 2B, Table S1 ) composed of short-, medium-, and long-chain fatty acids, many more than were detected using GC/MS (Table S1 ). Direct profiling of male D. melanogaster's body (Fig. 2C Upper) and pea aphid's (Acyrthosiphon pisum) wing (Fig. 2C Lower) showed clear ion signals, presumably lipids, thus documenting the potential of our method for tissue profiling/imaging. Clear spectra were also obtained from submicroliter volumes of human blood (Fig. 2D) , thus highlighting the potential of the matrices for clinical diagnostics by direct analysis of biofluids. Overall, our approach has a wide range of applicationshigh-throughput metabolomic screening, tissue profiling/imaging, direct biofluids analysis-which can be further developed for biomedical studies.
Acid-Base Model Was Further Validated by a Combination of MS, NMR, and X-ray Experiments and Supported by Density Functional Quantum
Chemical Calculations. To study the effects of matrix structure and basicity, additional bases structurally similar to DMAN were selected, and stearic acid (SA) as a representative acid (pK a ϭ 10.15), was analyzed. A strong dependence of the stearate ion abundance on the pK b values of the studied bases was observed (Fig. 3) . As in DMAN, no matrix ions were observed for N,N-dimethylaniline (DMA) (Fig. 3B ) and aniline (Fig. 3D ). The negative-ion TOF mass spectrum obtained by using 1,8-diaminonaphthalene shows, in addition to the expected m/z 283 of stearate, copious matrix cluster ions obscuring both high-and low-mass regions (Fig. 3C ). It seems that the gas-phase basicity of the matrix is important and that the suitable matrix in the negative-ion mode must not tend toward deprotonation. The gas-phase pK b of all 4 bases used here were calculated and the obtained values correlated well with the observed matrix ion formations (Table S2 ). Given the results of these preliminary experiments, we suggest a mechanistic model (Eq. 1) to explain our observations. The equilibrium between the ion pair and the associated base-acid complex in the liquid phase is characterized by pK a and pK b values of base or acid in the solution in terms of the Brønsted-Lowry concept (14) . This equilibrium is reflected in the crystal phase, and the amounts of observed ions are manifested by the ion pair/ complex equilibrium. We are not considering gas-phase ionization/ reionization (19) . According to the proposed model, the ion yield should depend on both the matrix/analyte ratio and the pK a (Eq. 1).
Based on the suggested mechanisms we are proposing to name it as matrix-assisted ionization/laser desorption, abbreviated as MAILD, mass spectrometry.
In additional experiments, this model was tested using: (i) different matrix/analyte molar ratios and (ii) diverse ion pairs from bases and acids with different pK a values. The effect of increasing amounts of DMAN and DMA cocrystallized with 1 molar equivalent of trifluoroacetic acid (TFA, Fig. 4A ) or SA (Fig. 4B ) on trifluoroacetate and stearate intensity, respectively, is summarized in Fig. 4 . As predicted by the model, the ion intensity increased from a 0-1 molar equivalent of bases, reaching a maximum at equimolar proportions. Upon further increase of the amount of base, signals for both anions decreased, probably due to the gas-phase ion reneutralization. DFT/B3LYP calculations show high stability of the AH…M complex with respect to its dissociation into A Ϫ and MH ϩ species in the gas phase (106 kcal⅐mol Ϫ1 for a simple acetic acid and DMAN model), preventing gas-phase reionization. A similar trend was observed for the much weaker base, DMA (Fig.  4 A and B) , suggesting that these phenomena might be rather general. This observation differs from the widely accepted idea that excess matrix/analyte ratio has beneficial effects. Here, it must be noted that for the analysis of large biomolecules, excess matrix may act as an energy receptacle or a buffer zone preventing analyte degradation. Furthermore, the observed maximum in Fig. 4 A and B at equimolar proportions of base and acid could be used to quantify acids/bases using a series of matrix-analyte mixtures with known amounts of the matrix. A matrix-assisted method for absolute analyte quantification has not previously been used. The effect of pK a /pK b on the ion yield was investigated by using 2 bases as matrices and 4 acids with a pK a range of 0.5-10.2. The limit of detection (LOD) at signal-to-noise (S/N) ratio 5 was determined for studied pairs and plotted on a pK a scale (Fig. 4C ). An unambiguous dependence of LOD values on decreasing pK a was observed. This agrees with the Brønsted-Lowry concept, which predicts increased ion pair stability with decreasing pK a Ϫ pK b difference. This trend can be supported by DFT calculations. Only two halogenated acids are strong enough to form A Ϫ …MH ϩ pair in ethanol solutions of the studied acids and DMAN. The Gibbs free-energy difference for the ionization process as described in Eq. 1 favors a strong acid (Table S3) .
For 2 base-acid systems (DMAN plus SA and DMAN plus TFA), the conjugated acid-base was examined more carefully by using crystallization, X-ray diffraction, and melting point experiments. The crystallization of equimolar DMAN mixtures with weak acids (acetic and stearic) did not provide salts with sharp melting points (Fig. S3 E and F) . True salt of DMAN with TFA exhibited a strong fluorescence and a sharp melting point (188°C), which was much higher than that of DMAN (65°C) (Fig. S3 C and D) . The NMR measurements on isolated crystals of DMAN plus TFA salt confirmed the equimolar proportions of CF 3 COO Ϫ and DMAN plus H ϩ . Critical data obtained by using X-ray crystallography (deposited in the Cambridge Structural Database under FO3376) further confirmed the salt nature of the crystal, which is in agreement with the previous literature (20) for DMAN salts. Further confirmation was acquired by DFT calculations (Table S3 and Fig. S1 ). Excellent surface coverage was observed for the matrix crystals alone and when mixed with analytes, limiting the ''sweet spot'' phenomena of other matrices like DHB (Fig. S4) .
Inspired by the successful use of strong bases for MAILD analysis of acidic compounds, we tested the suitability of several sulfonic acids as MAILD matrices for the positive-ion mode. 2-Naphthalenesulfonic acid was successfully applied for MAILD analysis of simple amines (Fig. 5 ). Clear spectra with no interfering matrix signals were obtained. Again, stronger bases gave higher ion count manifested in the low LOD observed for diaza(1,3)bicyclo[5.4.0]-undecane (Fig. 5E ). The protonation of 2-naphthalenesulfonic acid in the gas phase is negligible and supports the calculated pK a value (Table S2) .
Conclusions
An ionization mechanism termed MAILD is introduced. The matrices developed herein are ionless, in other words they produce no matrix-related interfering ions, solving the problem of conventional matrices and allowing the detection of small molecules (0-1,000 Da). Furthermore, the enormous applicability of our matrices in targeted metabolomic studies is illustrated. The analysis of biological tissues/extracts/biofluids shown here clearly demonstrates numerous possible metabolomic applications; a range of biomedical applications, namely high-throughput clinical diagnostics and drug distribution/imaging studies, are likely to be developed. Our model, which reflects situations in equi-and subequimolar amounts of a matrix, is a crucial addition to photoionization/ protonation (21-23) and ''lucky survivor'' (24) MALDI models. Several important physicochemical characteristics for the rational design of matrices are illustrated: negative ion-mode matrices should have an absorption maximum matching the laser frequency, high basicity (pK a Ͼ 10), and no acidic protons, as ours does. Furthermore, high acidity with minimal protonation in the gas phase seems to be an important characteristic of matrices designed for positive ion-mode analysis. Such simple matrix attributes can be calculated by using DFT methods, which opens the door for rational in silico MAILD matrix design. Our concept represents another level in rational design of matrices initiated by Karas and coworkers (25) .
Materials and Methods
Sample Preparation. Stock solutions of all matrices and analytes were prepared in ethanol at appropriate concentrations and 1-L aliquots each of the matrix and analyte solutions were mixed before MAILD measurements. One microliter of the resulting mixture was spotted on a circular metallic area with 2.5-mm diameter. DMAN-trifluoroacetate crystals, suitable for X-ray crystallography (Tables S4  and S5) , were obtained by crystallization of an equimolar mixture of TFA and DMAN from benzene (melting point 188°C). The pK a values used: DMAN, pK a(conjugate-acid) ϭ 12.5 (16); stearic acid, pKa ϭ 10.15 (26) ; trifluoroacetic acid, pK a ϭ 0.52; trichloroacetic acid, pKa ϭ 0.81; pivalic acid, pKa ϭ 4.98 (all, refs. 27 and 28).
Mass Spectrometry. A MALDI micro MX mass spectrometer (Waters/Micromass) fitted with a nitrogen laser (337-nm, 4-ns laser pulse duration, max 330 J per laser pulse, max 20-Hz repetition rate) was used in reflectron mode and negative polarity for data acquisition. The instrument operated at 0.7 ϫ 10 Ϫ7 bars with voltages of 5 kV on the sample plate, 12 kV on the extraction grid, pulse and detector voltages of 1.95 and 2.35 kV, respectively. The laser frequency was set to 5 Hz and energy was optimized for different analytes (fatty acids, other anions at 80 J per pulse, and strong volatile acids at 100 J per pulse). The extraction delay time was optimized to 150 ns. Polyethylene glycol (PEG) 600 sulfate (SigmaAldrich) was used to calibrate the mass spectrometer for an m/z range of 100 -1,200 Th in the negative ion mode. For measurements relating to Fig. 3 , all mass spectrometric parameters were kept identical as mentioned above. For positive mode calibration, a mixture of PEG 200 and 600 was used. The laser energy for positive-mode measurements of the low-molecular-weight bases as analytes and 2-naphthylsulfonic acid as matrix was optimized to 96 J per pulse with remaining parameters identical to those used in negative mode. Details on ion identifications are given in SI Text. NMR Spectroscopy. All spectra were measured in CDCl 3 (400 MHz for 1 H-and 100 MHz for 13 C-NMR).
DFT Calculations. Refer to SI Text for details on DFT calculations.
See Tables S2 and S3 and Fig. S1 for additional information. 
